The motility cycle consists of a minimum of four steps starting with protrusion, which is essential for determining subsequent cell direction. Protrusion is followed by the adhesion of the new protrusion, contraction and tail retraction. See reference 35 for more details.
Tumour cell motility is the hallmark of invasion and an essential step in metastasis 1, 2 . The identification of molecular pathways that contribute to tumour cell motility and invasion is essential for understanding how motility is initiated in tumour cells and how the tumour microenvironment contributes to cell migration. The identification of the molecular pathways of tumour cell invasion will provide new diagnostic approaches and targets for the treatment of metastatic cancer. Recent studies using new technologies, including high-density microarray-based expression profiling, intravital imaging and the collection of invasive tumour cells from live tumours, have started to extend the traditional model of metastasis and supply new diagnostic and therapeutic markers of metastatic disease.
According to the traditional model of metastasis, metastases result from a process similar to Darwinian evolution whereby natural selection works on individual tumour cells to select for stable genetic changes. The cells so selected are very rare, and the metastatic cells that arise from this progressive selection of stable genetic mutations within the primary tumour cause metastasis late in tumour progression 3 . However, studies of mammary tumours in mice [4] [5] [6] [7] , expression profiling of both whole human breast tumours 8, 9 and the invasive subpopulation of tumour cells isolated from rat and mouse mammary tumours [10] [11] [12] suggest that the metastatic ability of breast tumours is encoded throughout the bulk of the primary tumour, involves transient changes in gene expression and is acquired at much earlier stages of tumour progression than postulated by the traditional model. These results suggest that a Darwinian-like evolution is accompanied by, and may contribute to, microenvironment-induced transient changes in gene expression that support the invasive and metastatic phenotype. These results have led to new models where the microenvironment initiates the expression of genes that induce cell motility, invasion and metastasis 11, 13 . In the 'tumour microenvironment invasion model' it is proposed that oncogenic mutations in tumour cells lead to microenvironments that are potentially encoded throughout the bulk of the tumour. Examples of microenvironments that are correlated with increased invasion and metastasis are increased microvascular density 14 and macrophage infiltration 15 . These microenvironments might be induced by the expression of hypoxia-induced growth factors like vascular endothelial growth factor (VEGF) by macrophages 16 , and the expression of colony stimulating factor 1 (CSF1) by tumour cells 15 . These microenvironments are speculated to elicit transient and epigenetic changes in gene expression in tumour and stromal cells. These changes in gene expression would lead to changes in cell-cell interactions and the migration of a subpopulation of tumour cells within the primary tumour that are migration competent. In the 'integrative model of breast cancer metastasis' , oncogenic mutations occur in breast stem cells to generate a tumour associated with a poor prognosis. Under the influence of stromal cells the population of breast cancer stem cells acquires the ability to migrate and metastasize 13 . In both models migration competence requires the activation of the motility cycle, the first step of which is actin polymerization, which drives the formation of cell protrusions that are used to adhere to the extracellular matrix, define the direction of migration and initiate cell crawling. Cofilin and its regulatory proteins (the cofilin pathway, recently comprehensively Lamellipodium A 1-5 µm wide cytoplasmic projection at the leading edge of the cell that contains a dendritic network of actin filaments (see box 1). The force of actin polymerization extends the lamellapodium forward and advances the cell front, setting the direction of cell migration.
Invadopodium
A cytoplasmic projection from tumour cells into the extracellular matrix, which contain a core of actin filaments. Invadopodia can secrete proteases that degrade the extracellular matrix and whose formation is associated with increased tumour cell invasiveness.
Filopodium
A finger-shaped cytoplasmic projection that can extend from the leading edge of migrating cells. Filopodia contain actin filaments that are crosslinked into bundles by actin-binding proteins such as fimbrin.
reviewed in REFS 17, 18) are involved in the initiation of the early steps in the motility cycle, and evidence has emerged that the expression of certain genes of the cofilin pathway are altered in invasive tumour cells.
A pattern of changes in gene expression that is consistently observed in mammary tumour cell lines, the invasive population of mammary tumour cells isolated from primary tumours, and in whole mammary tumours, is clustered in the cofilin pathway 11 (TABLE 1) . These genes are coordinately regulated in invasive tumour cells during cell migration in vivo, suggesting that the cofilin pathway has a direct role in determining the invasive and metastatic phenotype 10, 12, 17, 18 . The cofilin pathway is composed of a group of kinases and phosphatases that regulate cofilin and coordinately initiate actin polymerization and cell motility in response to stimuli in the microenvironment of mammary tumours (FIG. 1) . Such stimuli include epidermal growth factor (EGF), transforming growth factor-α (TGFα), stromal cell-derived factor 1 (SDF1) and heregulin, which have been implicated in the stimulation of cell migration and correlated with progression in various tumours. Cofilin is then regulated by four independent processes. First, the phosphorylation of cofilin on serine 3 by LIM kinase 1 (LIMK1) and its related kinases (LIMK2, the skeletal muscle-specific kinases Nik related kinase (NRK, also known as NESK) and testicular protein kinase 1 (TESK1) and TESK2) regulates cofilin by inhibiting its actin-binding activity [19] [20] [21] [22] ; second, the dephosphorylation of serine 3 of cofilin by phosphatase types 1, 2A and 2B, slingshot (SSH) and chronophin phosphatases results in the activation of actin binding by cofilin [23] [24] [25] [26] . Third, actin binding by cofilin is inhibited by binding to phosphatidylinositol-4,5-bisphosphate (PIP2) 27, 28 , and cofilin activity is dependent on phospho lipase Cγ (PLCγ)-mediated hydrolysis of PIP2 (REFS 29, 30) ; and fourth, changes in pH over the physiological range (6.8-7.4) as mediated by the Na-H exchanger protein can activate the severing activity of cofilin when it is in the dephosphorylated state [31] [32] [33] [34] . Furthermore, in an additional level of regulation, LIMKs are activated by phosphorylation by p21-activated kinase 1 (PAK1), PAK4 and Rhodependent protein kinase (ROCK1) 31, 105 , and inhibited by dephosphorylation by SSH1 (REF. 106 ), thus potentiating the dephosphorylation of cofilin (FIG. 1) .
Actin polymerization can generate forces that drive the formation of membrane protrusions. These forces underlie alterations in cellular morphology, protrusion, migration and chemotaxis that occur during morphogenesis 35 . The force of actin polymerization that drives cell protrusion depends mainly on the formation of free barbed actin filament ends that can elongate by actin monomer (actin monomers are known as G-actin) addition to form growing actin filaments (actin filaments are termed F-actin) that push against cell membranes
. This causes organelle trafficking inside the cell and protrusion of the cell membrane 36 . The appearance of free barbed filament ends coupled with further remodelling of the actin filament-containing cytoskeleton can generate protrusive structures such as lamellipodia, invadopodia and filopodia that initiate cell movements and determine cell polarity 37 . These types of cell protrusions are essential path-finding structures in chemotaxis, cell migration and invasion 38 . The cofilin pathway has emerged recently as a central player in the generation of free barbed ends 39 and actin filament-turnover 40 in various motile cells, including mammary carcinoma cells 38, 39 , fibroblasts 40 , Dictyostelium discoideum 41 and glioblastoma cells 42 during the formation of these path-finding structures.
Biochemistry of the cofilin pathway
Cofilin belongs to a family of related proteins with similar biochemical activities called the actin depolymerizing factor (ADF)/cofilin family. Unicellular organisms such as yeasts usually have only one ADF/cofilin-type protein, whereas multicellular organisms typically have several isoforms. In some cultured mammalian cell lines 40 and invasive mammary tumour cells 10, 43 , cofilin 1 is the most abundant isoform, whereas ADF is expressed at much lower levels (5%). Therefore, for this Review 'cofilin' will refer to cofilin 1, the most abundant isoform found in invasive mammary tumour cells 10, 12 .
Cofilin is a small ubiquitous protein (~19 kDa) that is able to bind both G-actin (monomeric) and F-actin (filamentous actin). The use of light microscopy to directly observe the interaction between cofilin and actin filaments that are immobilized by cross linking to a substratum has clarified how cofilin can both increase the number of free barbed ends for polymerization and increase the rate of actin depolymerization (hence replenishing G-actin in the cell) 40, [44] [45] [46] . These studies have shown that nM concentrations of cofilin can sever
At a glance
• A pattern of changes in gene expression clustered in the cofilin pathway is consistently observed in mammary tumours and cells derived from them.
• The cofilin pathway has emerged as having a central role in the generation of free actin filament ends resulting in actin filament remodelling by polymerization and depolymerization. Filament remodelling is essential during the formation and retraction of path-finding structures used in the chemotaxis, cell migration and invasion of tumour cells.
• The spatial localization of cofilin activity is required for chemotaxis by tumour cells in response to epidermal growth factor, and fits a local excitation global inhibition (LEGI)-type model of chemotaxis.
• A balance of the stimulatory and inhibitory branches of the cofilin pathway must be achieved for protrusion, cell migration and chemotaxis to occur optimally. Too much or too little activity will inhibit all of these essential steps in motility and invasion.
• As there are four regulatory mechanisms for cofilin activity which seem to be uncoupled, the activity status of cofilin in a cell cannot be assessed by measuring the ratio of dephosphorylated cofilin to the total cofilin present.
• An important implication of recent studies of the cofilin pathway is that looking at the expression status of a single gene can be misleading when interpreting phenotype, as it is the collective activity of multiple genes of the pathway that determines the integrated output of the pathway and therefore phenotype.
• The rational design of inhibitors of the cofilin pathway is possible. Measuring the output of the cofilin pathway directly in living cells isolated from invasive tumours will be necessary to assess the efficacy of the inhibitors. New technologies for intravital imaging, invasive tumour cell collection and expression profiling, and for measuring cofilin pathway activity, make inhibitor design and testing possible. 
ROCK1
Pak P actin filaments efficiently, thereby generating free actin filament barbed and pointed ends that are available for polymerization or depolymerization depending on the free G-actin concentration and the availability of barbed-end-capping proteins [44] [45] [46] 
. As the concentration of cofilin required for severing as measured in these studies is 100 × lower than previously estimated from experiments in bulk solution, cofilin is a much more powerful severing protein than was previously suspected 45, 46 . These results have allowed a direct analysis of the effect of cofilin on the off rate constant for actin depolymerization. Previously it was proposed from experiments in bulk solution that cofilin increases the off rate of actin monomer depolymerization from the pointed end of actin filaments. However, when the number of new barbed and pointed ends generated by cofilin severing were accounted for in the depolymerization rate of actin filaments it was found that there is no significant increase in off rate per filament end and no bias for depolymerization to the pointed end 44 . The direct observation of the rate of filament depolymerization at pointed ends by total internal reflection microscopy supports this conclusion and shows that cofilin does not elevate the off rate above that of ADP-actin monomers usually seen in the absence of cofilin 46 . This greatly simplifies our understanding of the mechanism of how cofilin affects actin filament dynamics. That is, both the polymerization and depolymerization of actin filaments observed in the presence of cofilin can be explained by the severing of actin filaments by cofilin without the need to invoke either an increase in off rate or bias in depolymerization at the pointed filament end.
More remarkable still are the findings that cofilin can both nucleate the assembly of actin filaments directly when at µM concentrations 46 and greatly amplify the dendritic nucleation activity of the actin-related protein 2 and 3 (ARP2/3) complex at nM concentrations 45
. The latter occurs because the severing of mother filaments by cofilin produces newly polymerized actin filaments that are preferred for dendritic nucleation by the ARP2/3 complex 45, 47 . Both results are supported by kinetic simulations indicating that cofilin will cause large increases in actin polymerization when the capping of barbed ends is regulated 46, 48 (FIG. 2) . These results indicate that cofilin is a much more powerful nucleation factor than previously estimated from experiments in bulk solution.
Cofilin is regulated by the four independent processes described above. However, the local activation of a photosensitive caged cofilin shows that the local activation of cofilin in mammary tumour cells generates free actin filament barbed ends, initiates actin polymerization, induces localized protrusion of the cell membrane and determines the direction of cell migration 39 . Cofilin activation is essential for the formation of stable invadopods, which are used during the migration of invasive tumour cells, linking cofilin to tumour cell invasion 49 . Therefore, the local activation of cofilin by any of the mechanisms described above -dephosphorylation, PIP2 hydrolysis and increasing pH -could in principle initiate directional tumour cell motility and invasion.
However, the initiation of cofilin activation in response to EGF in invasive mammary tumour cells is not coupled to cofilin dephosphorylation 50 , so models in which this coupling is assumed 51 may not apply to invasion in mammary tumours. A word of caution is appropriate here. The cofilin pathway is activated in tumour cells by stimuli in the microenvironment, such as epidermal growht factor (EGF), detected by the EGF receptor (EGFR) and an unidentified subunit of the ErbB family, which could be either ERBB2 or ERBB3. In animal models ERBB2 has been shown to have a large potentiating effect on EGF-stimulated protrusion and cell migration in mammary tumours 100 . EGFR heterodimers, with either ERBB2 or ERBB3, can activate phosphatidylinositol 3-kinase (PI3K) and then a group of small G-proteins (Rho, CDC42 (cell division cycle 42) and Rac) and their cofilin-regulating kinases (ROCK1 and Pak). These kinases stimulate LIM kinase (LIMK) to phosphorylate cofilin (P-cofilin), thereby inactivating it. And phosphatases such as slingshot (SSH), chronophin, type 1, 2A and 2B phosphatases, can dephosphorylate cofilin upon activation making it potentially active (if not bound to phosphatidylinositol-4,5-bisphosphate (PIP2) and if the pH is above 7.0). Although SSH can be activated by Factin binding and phosphorylation by PAK4 in vitro 106 , the mechanism for chronophin activation, is currently unknown. In addition, EGFR-ERBB2 can activate phospholipase Cγ (PLCγ) 101 , which is proposed to activate cofilin by the hydrolysis of PIP2 (REF. 29 ), thereby releasing cofilin from the cell membrane. Cofilin activated by either path severs mother filaments (older pre-existing filaments) to produce free barbed ends leading to the elongation of newly polymerized actin filaments that are preferred for dendritic nucleation by the ARP2/3 complex (BOX 1) and G-actin resulting from the depolymerization of pointed ends produced by the same severing reaction. In invasive tumour cells, subunits of the ARP2/3 complex are coordinately overexpressed along with genes of the cofilin pathway 10, 12 , thereby potentially increasing the synergistic interaction between the cofilin and ARP2/3 complex to cause dendritic nucleation, which pushes on the cell membrane to cause cell protrusion 45, 47 . The ARP2/3 complex is activated by members of the WASP (WiskottAldrich syndrome protein) family, including WAVE2 and NWASP. NWASP is known to be activated in invadopodia 38, 102 under the regulation of CDC42 and Rho and/or Srcmediated phosphorylation. The cofilin pathway is coordinately regulated in invasive tumour cells during cell migration in vivo (genes that are upregulated in rat mammary tumours are highlighted in bold), suggesting that the cofilin pathway (which is shown in red boxes and circles) has a direct role in determining the invasive and metastatic phenotype. It is sometimes assumed that the amount of dephosphorylated cofilin in a cell is a direct measure of cofilin activity. However, given that there are four regulatory mechanisms for cofilin activity that appear to be uncoupled, the activity status of cofilin in a cell cannot be assessed by measuring the ratio of dephosphorylated cofilin to the total cofilin present. Studies in mammary tumour cells suggest that the EGF-stimulated and PLCγ-mediated hydrolysis of PIP2 can activate cofilin in mammary tumour cells 29 , and this is uncoupled from dephosphorylation 50 . In fact, during stimulation with EGF the levels of phosphorylated cofilin in mammary tumour cells increase 29, 50 . In this case, the release of cofilin locally from its complex with PIP2 results in its activation, at the same time as the phosphorylation of cofilin globally throughout the cell by LIMK1 leads to a net increase in phosphorylated cofilin, sharpening the cofilin activity asymmetrically inside the tumour cell (FIG. 2) . This is proposed to result in the initiation of directional cell motility and chemotaxis 30, 39 . This balance between phosphorylation-independent cofilin activation and phosphorylation-dependent inhibition, which is essential for chemotaxis, could be incorrectly interpreted as a requirement for the inhibition of cofilin for chemotaxis if only the phosphorylation status of cofilin is measured at the time of stimulation.
Cell biology of the cofilin pathway
There is general agreement that cofilin activity is required for cell motility in vitro. However, how cofilin functions in cell motility and which parts of the motility cycle are affected by cofilin activity is complex and requires a careful cell-type-specific analysis. In mammary tumour cells, cofilin activity is observed to occur as a transient activity 60 seconds after stimulation of mammary tumour cells with EGF, and is responsible for the early transient of actin filament barbed end formation 29, 50 (FIG. 3) . This early transient of barbed ends is the output of the cofilin pathway 29 and this output is positively correlated with the invasive and metastatic activity of mammary tumour cells in vivo 12, 43 . The transient cofilin activity occurs as a result of the near simultaneous activation, by the EGF receptor (EGFR), of the molecules within the cofilin pathway that both activate cofilin (PLCγ, SSH and chronophin) and inhibit cofilin (LIMK) (FIGS 1,2) . In mammary tumour cells the activation and inhibition of cofilin must be balanced for transient cofilin activity to occur, be spatially localized 30 and for protrusion to occur optimally 29, 30 . Too much or too little cofilin activity inhibits protrusion, chemotaxis and motility. In addition, the spatial localization of this transient activity is required for directional cell migration and chemotaxis by tumour cells in response to EGF 30 (FIGS 2,3) . The spatial localization of the transient cofilin activity is postulated to result from a local excitation global inhibition (LEGI)-type model involving the local excitation (activation) of cofilin and its global inhibition by LIMK1 (REF. 30) (FIG. 2) . LEGI models have been used successfully to fit the chemotactic behaviour of other cell types such as Dictyostelium, and explain how a chemotactic signal can be locally amplified 52 .
Box 1 | Actin filament dynamics
Actin filaments hydrolyse ATP bound to the actin subunits resulting in filaments that are composed of ADP-containing (green) and ATPcontaining (red) subunits. The ATP subunits are biased to the preferred growing end (barbed end) of the filament, as indicated in the initial mother filament shown in the figure 90 . Cofilin severing increases both the number of barbed and pointed ends, as it does not remain bound to the barbed ends of filament fragments following the severing of the initial mother filament. This results in a large increase in net actin polymerization if actin subunits are available to polymerize onto the barbed and pointed ends of the filament fragments (green regions of filaments indicated by a star). The barbed ends have a higher affinity for G-actin than the pointed ends and tend to elongate rapidly, whereas pointed ends depolymerize slowly under physiological conditions. In the absence of actin subunits the fragments will depolymerize from both pointed and barbed ends (not shown). In the presence of the G-actin-binding protein profilin, actin subunits are speculated to only add to barbed ends, resulting in net polymerization from barbed ends and depolymerization from pointed ends (not shown) 17 . The ARP2/3 complex is a seven subunit complex of proteins that, when activated by WASP (Wiskott-Aldrich syndrome protein) family proteins, will bind to the side of an actin filament to nucleate new daughter filaments as branches from the side of the mother filaments 91 . This is called dendritic nucleation. Activated ARP2/3 complex preferentially binds to the side of mother filaments that have recently polymerized from ATP-containing G-actin (red regions of filaments), and cofilin supplies these new filaments by severing to form new barbed ends that support their polymerization 45 . In mammary tumour cells part of the amplifier is the balance between the PLCγ-mediated activation of cofilin and LIMK1-mediated inhibition of cofilin, and this balance is disrupted by either the microinjection of constitutively active cofilin mutant S3A, which cannot be phosphorylated by LIMK1, the overexpression of constitutively active LIMK1, which phosphorylates all of the cofilin in the cell, or the suppression of expression of LIMK1, in which case cofilin phosphorylation does not occur. All of these manipulations disrupt the balance between cofilin and LIMK1, thereby disrupting the early transient generation of barbed ends thereby inhibiting protrusion 29 and chemotaxis to EGF 30 . The results with mammary tumour cells are consistent with the findings that the unbalanced activation or inhibition of cofilin in various cell types is found to alter protrusion and motility. However, the literature is sometimes confusing. One source of confusion is that the phenotype observed in various cell types upon manipulating the expression of cofilin depends on the effect of the manipulation on the output of the cofilin pathway, i.e. the early barbed end transient-initiating movement, but the barbed end transients are usually not measured, so it is difficult to know if the manipulation is increasing or decreasing cofilin pathway output. For example, the moderate (twofold-fourfold) overexpression of cofilin at the protein level increases the velocity of cell migration in Dictyostelium 41 and human glioblastoma cells 42 , but higher levels of expression are reported to inhibit cell motility 53 . Second, the cell behaviour chosen for analysis is often different, resulting in apparently conflicting conclusions. For example, the inhibition of cofilin activity in mammalian cell lines with either small interfering RNA (siRNA) 40 or the expression of constitutively active LIMK domain 54 inhibits cell motility, but is reported to increase lamellipod size in Drosophila melanogaster S2 cells 55 . Expression of the wild-type or the non-phosphorylatable cofilin mutant S3A increases melanoma cell migration on vitronectin 56 , but S3A is reported to inhibit chemotaxis in mammary tumour cells 30 . Because of the complex and transient regulation of the cofilin pathway, the careful analysis of the output of the pathway in each cell type for each manipulation, together with comparisons of the same compartments and cell behaviours between cell types, is required to define conclusions that can be generalized for all cells.
The cofilin pathway in morphogenesis
The proper functioning of the cofilin pathway is required for normal cell migration and polarity during morphogenesis. In lower eukaryotes such as Caenorhabditis elegans, different isoforms of cofilin are required for distinct steps in morphogenesis, including blastocyst positioning and body wall formation 57 . In Drosophila embryos, cofilin is required for cell migration during ovary development and oogenesis 58 , as well as in maintaining planar cell polarity in the wing, eye, and other epithelia 59 . Furthermore, flies that harbour mutations in genes that encode , causing the release of active cofilin locally from its complex with PIP2 in the plasma membrane. This activates cofilin asymmetrically inside the tumour cell to generate free barbed ends adjacent to the cell membrane facing the source of epidermal growth factor (EGF). Transient cofilin activity occurs as the result of the near simultaneous activation of the molecules within the cofilin pathway that both activate cofilin (PLCγ, slingshot (SSH) and chronophin) and inhibit cofilin (LIMK) by the EGF receptor. As a result, cofilin severs filaments locally to start polymerization and cell protrusion, and global LIMK activity inactivates cofilin that diffuses from the initial site of activation, thereby spatially sharpening cofilin activity. The signalling pathways from the receptor through G-proteins and LIMK are the same as in FIG. 1 but redrawn here to show how LIMK captures cofilin that diffuses from the site of activation. This results in the sharpened localization of cofilin-dependent free barbed end production and the initiation of directional cell motility and chemotaxis. b | The cofilin activity cycle fits a local excitation global inhibition (LEGI) model of chemotaxis. Cofilin is activated asymmetrically inside the cell in response to the gradient in EGF detected by cell surface receptors from the front to the back of the cell. The asymmetry of cofilin activation inside the cell may follow the slope of the gradient of EGF. However, this shallow gradient in cofilin activation is locally sharpened by the global stimulation of LIMK activity, which is postulated to inactivate cofilin throughout the cell, resulting in a remnant of cofilin activity only on the side of the cell facing the EGF source (front). This is shown by the two lines indicating the cofilin activation gradient (sloping line) and global LIMK activity (horizontal line) resulting from the same stimulation with a shallow EGF gradient, thereby compressing the effective cofilin activity between them to sharpen cofilin activity to the side of the cell facing the EGF source. proteins involved in regulating cofilin phosphorylation provide further evidence for the role of the cofilin pathway in the regulation of Drosophila morphogenesis
.
There is accumulating evidence that the cofilin pathway also has an essential role during mammalian morphogenesis. Although mutant mice that lack cofilin 1 (the non-muscle isoform) are indistinguishable in their gross morphology from control mice embryos at E9.5, no embryos were found at term, suggesting that cofilin 1 mutants are embryonic lethal 60 . Before stage E9.5, cofilin might not be essential for the extensive morphogenetic movements during gastrulation, raising the possibility that additional cofilin isoforms such as ADF might compensate in this type of cell migration, as evidenced by a threefold-fourfold overexpression of the cofilin isoform ADF compared with that in wild-type control embryos. However, following gastrulation ADF overexpression is not sufficient to compensate for the loss of nonmuscle cofilin. Defects in neural crest polarization and migration were observed in non-muscle cofilin mutant embryos that lead to a failure in closure of the neural tube. Differences in the regulation of the various isoforms of the cofilin family by cofilin-directed kinases, phosphatases, pH and PIP2 binding have not been routinely detected. However, ADF is more sensitive to changes in pH than cofilin 61 . In addition, in the mouse and C. elegans, the non-muscle isoforms cofilin 1 and ADF are more efficient at depolymerizing F-actin in vitro than the muscle isoform of cofilin 62, 63 . These findings suggest that specific cofilin isoforms may be crucial to the changes in cell shape and migration that occur during different stages of embryonic development and morphogenesis.
In mammals, two different LIMK isoforms, LIMK1 and 2, have been described that can phosphorylate cofilin downstream of Rho-family GTPases 20, 64, 65 . LIMKs can be activated upstream by Pak 66 as well as ROCK 65, 67 and MRCK (myotonic dystrophy kinaserelated CDC42-binding kinase) 68 . Normal central nervous system development may depend in part on LIMK1, as its deletion has been associated with the human genetic disease Williams syndrome, which shows similarities to the neurodevelopmental abnormalities seen in Limk1 knockout mice 69 . Williams syndrome is a developmental disorder characterized by several behavioural and neurological abnormalities, including deficits in visuospatial cognition. Patients with Williams syndrome possess a heterozygous deletion in a region on chromosome 7q11.23 that contains approximately 20 genes, including LIMK1. However, owing to the number of genes involved in this deletion, it is unclear if any of these developmental defects can be assigned to LIMK1 deletion alone. In addition, there are no conclusive reports linking Williams syndrome with increased tumorigenesis and progression. Limk1 knockout mice show significant abnormalities in synaptic function, specifically in the morphogenesis of the dendritic spine, a structure highly enriched in F-actin. Limk1 knockout mice, which contain decreased levels of phosphorylated cofilin, also show deficits in spatial learning and increased hippocampal long-term potentiation 69 , as well as impaired excitatory synaptic function of the hippocampus 69 . Spatial learning deficits in these mice suggest that LIMK1 has a crucial role in dendritic spine morphogenesis and brain function, which might . The first transient is required for initiating actin polymerization and protrusion towards the source of EGF, resulting in chemotaxis, and the second transient is required for sustaining the cell protrusions required for cell migration 29, 30 . Two transients of barbed end formation have been observed in chemotactic cells (Dictyostelium, mammalian fibroblasts and macrophages) in response to various chemoattractants, indicating that this sequence of events is conserved in crawling chemotactic cells. c | In mammary tumour cells the first, but not the second, transient requires both phospholipase Cγ (PLCγ) and cofilin activity, implicating the cofilin pathway in chemotaxis (the red line shows the effect of inhibiting either PLCγ or cofilin activity) 29, 30 . 
Vitronectin
An abundant adhesive glycoprotein found in blood plasma and the extracellular matrix. Vitronectin contains an RGD sequence that is a binding site for membrane-bound integrins, which serve to anchor cells to the extracellular matrix.
Neural crest
A component of the ectoderm that is found between the neural tube and the epidermis of an embryo. Shortly after neural tube formation, neural crest cells migrate and give rise to neurons and glia of the peripheral nervous system, skeletal and smooth muscle, and other specialized cells.
Neural tube
A developmental precursor of the central nervous system that will form the mature brain and spinal cord.
Visuospatial cognition
The ability to distinguish the orientation of objects in space; for example, depth perception.
lead to impaired visuospatial cognition as well as other behavioural and neurological symptoms observed in patients with Williams syndrome. Although Limk2 knockout mice showed little change in the level of phosphorylated cofilin and minimal abnormalities in synaptic function in the hippocampus 70 or significant alterations in postnatal growth or development 71 , defects in testicular germ cell spermatogenesis potential, viability and reduced testes size were observed 71 . The fact that cofilin deficiency is embryonic lethal whereas Limk1 or Limk2 knockouts are viable indicates that phosphorylation-independent mechanisms of cofilin regulation such as pH changes or PIP2 binding may be important during morphogenesis and development. In addition, other kinases usually restricted to the testes (TESK1 and 2) and skeletal muscle (NRK) might compensate under these extreme conditions.
The cofilin pathway in tumour invasion
As expected from studies that showed the cofilin pathway is essential for cell motility and morphogenesis in vitro and in vivo, the cofilin pathway has also been implicated in tumour cell invasion and metastasis (TABLE 1) . Cofilin is overexpressed in the highly invasive C6 rat glioblastoma cell line 72 , A549 human lung cancer cells 73 and human pancreatic cancer cells 74 . The amount of phosphorylated cofilin is decreased in cell lines derived from T-cell lymphoma (Jurkat) and carcinomas from the cervix (HeLa), colon (KM12), liver (HepG2) and kidney (COS1) 75 .
The spontaneous overexpression of cofilin has been detected in the invasive subpopulation of tumour cells in mammary tumours of rats 10 . Furthermore, increased levels of cofilin expression is detected in clinical tumour samples of oral squamous-cell carcinoma 76 , renal cell carcinoma 77 and ovarian cancer 78 using proteomic and cDNA microarray approaches. Expression of the wildtype or the non-phosphorylatable cofilin mutant S3A increases melanoma cell invasion through a reconstituted basement membrane 56 . However, several studies have found that cofilin is downregulated in cancer and that overexpression is antagonistic to invasion. The downregulation of cofilin is observed in MHCC97-H hepatocellular carcinoma (HCC) cells with high metastatic potential 79 , and in ovarian surface epithelium (OSE) cells derived from women with a family history of ovarian and/or breast cancer and mutations in the BRCA1 tumour-suppressor gene 80 . The regulated overexpression of cofilin inhibits the invasiveness of human lung cancer H1299 cells by disrupting the actin cytoskeleton at the leading edge of the cell 53 . Clearly these studies do not agree as to the affect of cofilin expression level on tumour invasion. Therefore, it is unlikely that the expression status of cofilin alone is sufficient to determine the motility and invasion status of carcinoma cells. As noted above, the balanced contribution of cofilin and other molecules in the cofilin pathway, including LIMK1, is required for chemotaxis and motility in tumour cells. Without information about the activity status of the cofilin pathway in each of these cases it is difficult to predict or explain the outcome of changing the activity of a single component of the pathway.
LIMK1 has been shown to affect cell motility and invasion, but initial reports were inconsistent about whether the overexpression of LIMK1 increases or decreases invasion. The expression of a constitutively active LIMK1 that increases the amount of phospho-cofilin in vivo inhibits actin polymerization and motility in response to EGF in mammary carcinoma cells 54 . In addition, the overexpression of LIMK1 inhibits cell motility in neuroblastoma cell lines 81 and Ras-transformed fibroblasts 82 , whereas dominant-negative LIMK1 increases cell motility in neuroblastoma cell lines 81 . However, the inhibition of LIMK1 expression by siRNA inhibits the motility of Jurkat T cells 51 , and the overexpression of LIMK1 in prostate epithelial cells increases their invasiveness in vitro 83 and the formation of osteolytic lesions in nude mice 84 . Furthermore, a reduction in LIMK1 expression in metastatic prostate cell lines decreases their ability to invade matrigel in vitro 83 . Clearly, altering the expression and activity of LIMK1 has major effects on tumour cell motility and invasion. However, the studies on LIMK1, like those on cofilin, do not agree as to the affects of increased LIMK1 expression on tumour invasion, again supporting the need to investigate the output of the cofilin pathway as an essential part of studies in which the activity of either cofilin, LIMK1 or other proteins within the pathway are manipulated.
Insights into the source of the inconsistencies in the literature about how cofilin and LIMK1 affect tumour cell invasion have emerged from the microarray-based Box 2 | Linking cofilin to Drosophila melanogaster morphogenesis During Drosophila morphogenesis, the disruption of cofilin alleles by transposon mutagenesis caused an abnormal actin cytoskeleton characterized by large F-actin aggregates in primary spermatocytes and at the contractile ring during cytokinesis 92 , as well as the follicular epithelium during ovarian development 58 . Loss-of-function mutations in genes that regulate cofilin phosphorylation, such as the cofilin phosphatase slingshot and the cofilin kinase LIM kinase (LIMK), further support a role for cofilin in regulating actin dynamics during Drosophila morphogenesis. Wing hair and bristle morphogenesis depend on the polymerization and bundling of actin filaments. Not surprisingly, transposon mutagenesis of the slingshot allele reduced the pool of activated cofilin, resulting in the increased accumulation of F-actin and the disruption of proper wing hair and bristle development 23 . In the nervous system, deletion of LIMK by transposon mutagenesis leads to aberrant development at the neuromuscular junction. LIMK mutants had enlarged terminals and increased bouton (axon synaptic terminals) numbers, whereas the overexpression of active LIMK caused stunted terminals and reduced boutons. This overgrowth of the neuromuscular junction suggests that the normal function of LIMK is to suppress synaptic sprouting 93 . LIMK deletion mutants also abolish the ability of p21-activated kinase (Pak) to alter glomerular morphology and the development of antennal lobe synapses. Overexpression of LIMK causes ectopic glomeruli that can be suppressed by the co-expression of active cofilin 93 , supporting the idea that LIMK negatively regulates cofilin function by serine 3 phosphorylation. During photoreceptor cell differentiation in the developing eye, cofilin is a downstream target of Mbt (a Pak homologue) signalling. Constitutive activation of Mbt alters the actin cytoskeleton as well as adherens junction (cell-cell junctions in epithelial tissue) organization 94 . Gain-and loss-of-function mutations in Cdi (serine/ threonine kinase centre divider), a testicular protein kinase 1 (TESK1) homologue, also caused alterations in actin organization and adherens junctions 95 . Furthermore, slingshot deletion mutants that are predicted to antagonize Cdi or LIMK also suppress proper photoreceptor development 95, 96 . Therefore, the regulation of the phosphorylation state of cofilin has a crucial role during various cellular and morphogenetic events in Drosophila.
Dendritic spine
A small (<1 µm) membranous extension that protrudes from a dendrite and forms one half of a synapse. Changes in dendritic spine density underlie many brain functions, including long-term memory and learning.
Osteolytic
Having the property of osteolysis, which is defined as the active resorption or dissolution of bone tissue as part of normal bone remodelling and some disease processes.
Paracrine
Signalling between two different types of cells through secreted molecules.
expression profiling of invasive tumour cells collected from mammary tumours of rats and mice 10, 12 . In these experiments the expression of genes in the invasive subpopulation of tumour cells was compared to that in the average tumour cell isolated from the primary tumour. It was found that in rat mammary tumours derived from the orthotopic injection of mammary tumour cell lines, invasive tumour cells have increased transient expression of both cofilin and LIMK1 (REFS 10, 43) . Considering either cofilin or LIMK1 in isolation would have led to the paradoxical conclusion that LIMK1 overexpression, which leads to the inhibition of cofilin activity, is correlated with increased invasion at the same time as cofilin overexpression, which leads to an increase in cofilin activity, is also correlated with increased invasion. However, when the activity of the cofilin pathway was measured in these invasive tumour cells as the EGF-stimulated early transient of free barbed ends (FIG. 3) , it was found to be significantly increased compared with non-invasive tumour cells from the same tumour with normal levels of LIMK1 and cofilin expression 43 . Furthermore, increasing the expression of LIMK1 alone in these mammary tumour cells inhibited the cofilin pathway and inhibited invasion and metastasis 43 . In mice with polyoma middle T oncogene (PyMT)-derived mammary tumours, invasive cells have increased expression of both LIMK1 and SSH, but not cofilin. Again, measurement of the output of the cofilin pathway in these PyMT-tumour derived invasive tumour cells showed that it is increased compared with non-invasive tumour cells from the same tumour 12 . Therefore, consideration of the cofilin pathway as a whole must be done to predict the effect of manipulating any single component of the pathway and requires that the inhibitory (LIMK1) and stimulatory (cofilin and SSH) branches of the pathway be viewed as a balance. If both branches are increased together, the paired overexpression of inhibitory and stimulatory components might increase the activity of the cofilin pathway overall to increase cell migration and chemotaxis (see the 'cell biology of the cofilin pathway' section). Another important implication of these results in rats and mice is that looking at the expression status of a single gene can be misleading when interpreting phenotype, as it is the collective activity of multiple genes of the pathway that determines the integrated output of the pathway and therefore phenotype.
The cofilin pathway tumour metastasis
In mammary tumours in particular, the microenvironment for metastasis depends heavily on macrophages, which provide signals for angiogenesis, tumour growth, tumour cell chemotaxis and invasion 15 . The communication between macrophages and tumour cells in rats and mice is paracrine, involving the production of EGF by macrophages and CSF1 by tumour cells to stimulate tumour cell and macrophage chemotaxis and invasion, respectively 7, 85 . Therefore, in mammary tumours, tumour cell invasion and metastasis are under the control of macrophage-supplied EGF 7, 85 . As discussed above, in mammary tumour cells chemotaxis to EGF is regulated by the cofilin pathway and involves the balance between cofilin and LIMK activities to produce a transient and spatially localized amplification of the EGF gradient in the form of free actin filament barbed ends (FIG. 3, BOX 3) . Therefore, metastatic potential in mammary tumours is predicted to depend in part on the output of the cofilin pathway. This hypothesis was tested by preparing rat mammary tumour cells that otherwise had normal levels of cofilin expression but that either overexpressed LIMK1 (which suppressed the output of the cofilin pathway in the presence of normal cofilin levels) or that expressed dominant-negative LIMK domain (which increased the output of the cofilin pathway) 43 . When these cells were injected into mammary glands to form tumours, the metastatic potential of the mammary tumours was directly related to the output of the cofilin pathway. Animals with tumours containing cells in which cofilin pathway activity was suppressed (LIMK1 overexpression) showed decreased invasion and metastasis and were associated with increased survival; whereas tumours derived from cells with increased cofilin pathway activity (LIMK dominant negative) showed increased invasion and metastasis and were associated with decreased survival. Of particular interest was the finding that tumours derived from tumour cells in which cofilin was overexpressed along with LIMK1 had significantly increased invasion in vivo compared with the level of invasion in tumours with LIMK1 overexpression but normal levels of cofilin expression 43 . These results show that the effect of LIMK1 expression on invasion, intravasation and metastasis of cancer cells can be simply explained by considering the regulation and activity status of the cofilin pathway as a whole. More generally these results emphasize that it is the pathway of which the altered gene product is a part that determines the invasive and metastatic phenotype of a tumour, not the individual gene. This is consistent with our knowledge of how signalling pathways, but not necessarily single genes within, affect tumorigenesis, progression 86 and migration 87 .
Future directions
The concept that metastasis is encoded throughout the bulk of the primary tumour has focused attention on the contribution of the microenvironment to metastasis 8, 9 . In many tumours, inflammation contributes to the progression to malignancy 88 . In mammary tumours in particular, macrophages provide signals to tumour cells for chemotaxis and cell motility that lead to invasion and metastasis. In this context macrophages help provide the microenvironment for metastasis in a similar way to the function of macrophages during normal mammary morphogenesis 89 . This suggests that metastasis may be an unregulated repetition of morphogenesis 15 . Therefore, many of the genes involved in epithelial cell migration during mammary morphogenesis are likely to be hard at work during mammary tumour metastasis. Current results indicate that many of the genes whose expression status is upregulated during morphogenesis and metastasis are clustered in the cofilin pathway and its downstream effectors [10] [11] [12] . This makes the cofilin pathway a potential target for anti-metastatic therapy. Although methodical studies of the effect of cofilin activity on metastasis have only been done on mammary tumours, it is likely that the cofilin pathway also has a major role in the invasion and metastasis of other types of cancer given the fact that cofilin is essential for cell motility and cell viability in many tissue types, and the correlation of expression of cofilin pathway genes with metastatic phenotype in various cancers (TABLE 1) . In rat and mouse mammary tumour models nine genes of the cofilin pathway are overexpressed, making many combinations of ways to increase the output of the cofilin pathway. Only one pair of genes (LIMK1 and cofilin) have been tested for their effects on the activity of the cofilin pathway, and the results show that cofilin pathway output is predictive for metastatic potential 43 . Therefore, inhibitors directed at the output of the cofilin pathway and not just the activities of single genes are more likely to have an inhibitory affect on metastasis. In addition, it is not possible to inhibit cofilin alone, as this is lethal and will also kill normal cells. In mammary tumour cells, inhibitors of the stimulatory branch of the cofilin pathway directed at PLCγ1, SSH and chronophin, which could be used to turn down the activity of the pathway enough to inhibit chemotaxis, might have therapeutic benefit without killing normal cells. There are no such inhibitors available at this time. Another approach would be to inhibit signals from stromal cells that activate the cofilin pathway in tumour cells. This would have the advantage of being more specific for tumour cells in the metastatic microenvironment. To design inhibitors of stromal cell contributions to the activation of the cofilin pathway in human breast tumours, and any other type of tumour, it will be necessary to describe the microenvironment of metastasis that activates the cofilin pathway, including the stromal cells involved. In mammary tumours of rats and mice the stromal cell essential for this activation is the macrophage. However, this analysis has not been done using animal models of other types of tumours, so the stromal cells that stimulate tumour cell migration in other types of tumours are not precisely known.
Altering the expression of genes in experimental animal tumours, as has been done for cofilin and LIMK1 in mammary tumours 43 , will be necessary to determine which combinations of genes must be altered in expression or activity status in order to suppress the output of the cofilin pathway and its initiation of tumour cell migration. Based on these results the rational design of inhibitors of the cofilin pathway for human breast tumours and other tumour types can then proceed. Measuring the output of the cofilin pathway directly in living invasive tumour cells isolated from tumours will be necessary to assess the efficacy of the inhibitors. New technologies for intravital imaging, invasive tumour cell collection and expression profiling, and for measuring cofilin pathway activity, make this analysis, as well as the testing of inhibitors of the cofilin pathway, possible.
Box 3 | The ADF and cofilin family of proteins
The actin depolymerizing factor (ADF)/cofilin family of proteins are expressed in all eukaryotes examined to date. Unicellular eukaryotes such as Saccharomyces cerevisiae, Acanthamoeba castellanii and Dictyostelium discoideum possess a single ADF or cofilin gene. Multicellular organisms typically have several ADF/ cofilin isoforms. Caenorhabditis elegans expresses two ADF/cofilins, unc-60A and unc-60B, whereas Drosophila melanogaster expresses a single copy, twinstar (for a complete phylogenetic review of ADF/ cofilins see REF. 18 ). In general, mammals have many isoforms classified as ADFs and cofilins based on sequence homology and biological activity. All mammals are predicted to have a single ADF isoform expressed most strongly in epithelia and neurons, and two cofilin isoforms, a non-muscle type cofilin 1 expressed in most embryonic and adult cells, and a muscle-type cofilin 2 expressed almost exclusively in skeletal muscle 62 . Based on studies in various mouse cells, cofilin 1 is the predominant isoform in nonmuscle cells, expressed at 6-11 times greater molar amounts than ADF 40 . Wang et al. 10 has shown that the cofilin 1 isoform is selectively upregulated in invasive mammary tumour cells in rats.
All of the homologues of ADF and cofilin are believed to share a common structure, as shown in this this space-filling model. This model has been based on the findings of three papers [97] [98] [99] . The serine 3 phosphorylation site is highlighted in green, G-actin binding in red and F-actin and PIP2 binding, which overlap, in blue.
